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The generzal objective of this work is to febricste ad otudy
an imtegrally composed verisbla energy gep solar cell and
determine the fessidility of improving the photovoltaic prop-
erties of solar cells through the use of the varisble gap pria-
ciple. Special emphesis is pleced on the fmprovemsst of effice
fency, snd the photovoltaic performance st temperstures sbove
25°c.

The varisble gep cell under study is febricsted from two
111-V compounds = Gallium Arsenide and Gallium Phosphide - {n
which the cell surfece is composed principslly of galliue phoe-
phide foraing s "window" of higher band gep energy than the gale
1ium arsenide portion of the cell, A specific objective is to
deternine the faasibility of such a window s o mesns of achiev-
ing higher collaction sfficiency and lower sheet resistance.

The principls method of producing the varisbls bend gep
vindow 1is by soldd state diffusion. The apitaxisl growth method
1s included for study, slthough not invastigatad, as yst.
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solid state diffusion of phosphores isto gelliwm sroeaide. MNigh
conceatzations of gallium phosphide, of the order of 90 percent,
have besn determined by x-ray saslysis. Depths of 30 microns have
beea obteined.

Some knowledge of the comversion process haes been obteined,
sllowing postulstion of s step-type couversion mschanism, which
ts pazt of this veport.

Tentative dete indicetes 8 mon-linesr diffusion-conversion
gate, vith repid rates initislly ad very slovw end rates for ¢
given tiss of diffusion.

The d1iffusion rate or constent for sinc 1in gellium phosphide
surfeces is observed to be significently higher then in galliue
srsenids by ot lesst an order of magnitude, perhaps two ot three

orders of magnitude.

Two general species or cetegories have been selected as brack-
eting the various possible depths, concentrations, snd gradients of
varisble gep cells, They vepresent very thin gellium phosphids sur-
faces, (1 to 2 microns desp), and dosp (10 siicrons) laysrs. They



ere found to exhidit quite dissimiles chezscteristice, especially
in spectral response.

Rfficicacies equal to single gap structure have beea sttained
in the shallow species meationsd sbove. Indications of improved
high tempezsture perforusnce for this type cell have beea found.

Spectral response dsta eupports the principle of the high
bend gap "window" effect in the deep speciss.

An electro-stchestain technique produces excellent definition
of p-n junctions eud gallium phosphide layers without destruction
of the cell.



JI%. PUMJCATICNS, CONERENCES, & REPOKID.

A conference wes held st Bagle-Picher Research Leborstories,
Mami, Oklohoms, on July 25 and 26ch., with Mz, Leurvence Schuerts,
of Evans Leboratories, aad Mesers. V. B, Medcalf end Louis B, Stoms,
of this lebozstory. Ths subject of the conferemce was the direction
and emphssis of projected work, sad the current progress of the imvest-
gation, Current state of progrese specimes cella were delivered to
Mr. Sclwarta st this mesting.

A second conference wes held on December 3, 1961, ot Evens Lab-
ovstories with Messra. Wa Cherry, L. Sclwarta, and J, Mendelkora, of
Evans Laboratories, end Masers. W.E. Medcelf end Louis B. Stons of
Bagla-Picher Company. The purpose of the conference was again the
current progreas end direction of the inveatigetion. Another group of
apecimen cells vas delivered, and visusl microscopic exsminatida of
other specimena was desonstratad, Both the aforementioned conferences

vere useful and very much wortiwhila,

Reports:
Monthly Lettar-Type reports have been submittad on or before the

4th, day of each month as per contractual sgresment,

Publicationg:
A briaf article, entitlad "Conversion of Gallium Arsenide to Gal-

1ium Phosphida by Solid Ststa Diffusion” has been submittad as a lettar
to the Editor, Journal of Applied Physics, for publication.
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Jatreducticn.

The theoretical basis for the resescch pecforsed uader this comtract
has besa discussed 1a detatl n previoss reporte(!] Briefly the gal-
1iun arsenide-gallivm phosphide cell would have ¢ surface composed
principally of gellium phosphide, diminishing in concentretion with
incressing depth. The higher energy 8P leyer would sllow transuission
of lover ensrgy photons to e depth mearer the junction, improving col-
lection end hence efficiency. The greater depth, vhem diffused vith
ginc #s @ p-type dopent, would reduce sheet resistence elso. The higher
bend gep materisl would theoreticslly shov isproved high tempsrsture
characteristics. Emphasis was placed oo the demonstration of such
effects, including the "window effect” of the gallium phosphide layer.
Inherent in the stated purpose is the study of the diffusion-couversion
process to accomplish the varisble gep structure, snd derive controls

for such processes snd techniques which sre required.

m.ch to the Problem;

The spproach to the probles includes the following:

1. Study of gallium srsenide crystals to obtain and improve starting
msterisls.

2, Study of the diffusion-conversion process to sccomplish the desired
veriable gsp structurs. This necessarily encompasses koowledge and
control of the conversion mschanisas to obtain discrete phasa galliue
phosphide rather than {nterstitially diffused phosphorus. It also
implies detarmination of the optimum thickness _and_concentration of
the gallium phosphide layer.

e



3. Study of the fabrication of varisble gep cells, of the desived
structure, snd of single gep cills as & reference for comparison,
This encompssses the following:

(s). Techniques of forming p-n jumctions in both types of ocells,
with enphssis in control of depth, demsity of dopant, and
homogeneity of the diffused layer.

®). {dututcam end measurement of the gallium phosphide
ayes.

(c)e Identification snd messuremsnt of the depth of the p-n
Junction,

(d). Blectroding and contacting both type cells to obtein olmic,
lov resistance contacts stable to temperstures of sbout 200°C.

4. Evalugtion of Cells.

The evaluation of cells is of prime importance. Routine smalysis
include the following:

(8)e Voo, Igcs 804 conversion efficiency.
(b). Spectral response,
(c). Diode charscteristics.
(d). Temperature coefficients of Voe, 14, Bﬂ'.
Other parsmsters considered significent include:
(a). Carrier concentration
(b). Sheet resistance
_(e)« Contact resistance

S. Evelustion of Starting Material,

It is considered important to establish the effect of the follow-
ing material characteristics on cell performance:

(e). Resistivity

(b) . Mobility

(c). Minority carrier lifetime

(d). Crystel orientation

(e). Gallium or srsenic face of the crystel.



Phogphorus Diffysion.
A-jucttmhubm-bmmtmmipuwuhtudnd
clerify the mechaise involved in the coaversion of galliue areenide

to ..m- phosphide by solid state diffusion. This effort ves required
m of two prims factors: (a) The effect of varying phoophorus dif-
fusion schedules was observed to chemge the photovoltaic psrameters oig-
aificantly, and (b) published reports(cast some doubt om the validity
of our x-rsy identification of discrets gallium phosphide present.

The DeBye-Scherrer powder diffraction technique hes been videly
used for the desired determination. Disadvanteges of mechsnical gemoval
o!ouchatunlwfruthmtmo!aanmmbywu-
ing prepared known size powder specimens in the ampoule during diffusion
a8 slready npornd(’). Full data on a series of such determinstions
follow in Table I.

~INEL

Composition of Phosphorus Diffused Gallium Azsenide
Powder, Based on X-Ray Studies.

_ Sepla  MI08BE  MI08PF 6080 _MGI00PH

Prepetation;

Time, 2 Hours 20 Hours 50 Hours 50 Hours
Teamp. °C, 800°C 800°C 800°C 900°C
Pressure, 15 Atm. 15 Atm, 15 Ata, 20 Ats,

Gallium Phosphide Content of -

Arsenic Rich Phass, 4.2% 38,6% N.D. 1.5%

lelphm L " 98.0% 99.5% 86,1% 93.1%
Strongest Intermediate Solid Solution

Phase, 49.8% 86.1% N.D. N.D.

Csllium Phosphide Composition Calculated of

sll phases, 50,8% 81.4% 85.0% 88.5%



Pigure 1 llustrates the sppearance and color chenge in the above seriss
of powder specimens, There is quite good correlation between the color
changes and the gellium phosphide content as determined by x-ray.

Figure 1. Color Change of Phosphorus Diffused Gallium Arsenide
Powder as a Function of Diffusion Schedulss.

Some discussion of the x-ray data is in order. The pattern of the
more heavily diffused specimens were normal, well defined, end sharp. The
pattern of the more lightly diffused specimen, M6108 BE, however, vas
that of two major phases of similar crystal structure wvith edge lengthe
differing by only sbout 0.1 A°. This results in a repested pattern of
lines, as would be expected, However, the space between the lines of
the two patterns are filled with sharply defined lines, or strise, vhich
are very distinct on the larger spacings (low theta angles). These inter-

mediate lines come from well defined crystalline phsses, evidently of
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mmmmmmmmmuumm
ond mesbers of the solid solution system present ia the sample.

The 1ise structuressre slso of interest. The lime of the patters
from the sceemic rich end member is very greiny, {ndiceting a particle
omulmaw.mzuSum.otwwnth
that of the smooth fine-grein line from the phosphorus rich end member.

¥ith gallium arsenide as the starting material, the phosphorue dif-
fusion-cooversion mechaniss may be postulsted ss tsking place isto the
surfece by a series of discrete steps. Each step would comprise s thin
sone and vithin that sons it's composition would be uniform. At the
stage vhich M6108 BE was prepared at lsast five such sones can be ident-
ified. BRach sone represents sn equilibrium conditiom, since it hes o
crystalline structure in keeping with it's composition. Since these
sones are thin, their diffrection patterns are fine-grained. The central
"kernel"” of each powdsr psrticle of gellium arsenids mey have 2 dismster
meny times thicker than the thickness of each separste sone. Confirm-
stion of the presence of such strias vas obtained photogrephically.
rigure 2 1llustrates such strise in specimen M6108 AA, which vas phos-
phorus diffused at 800°C - 15 atmospheres, 7 1/2 hours., In the cross
section view, the white area is the polished galliuve arsenide surface.
The gellium phosphide leyer lies between 3.1 and 3.2 scale divisions.
The lower irregular line at 3.2 represents the innermost boundary of
gelliva phosphide, as defined by electro-etch staining (which will be
described later). The striss are visible, and were very well defined

under dirsct microscopy.



Figure 2. Cross Section View of Verisble Gop Vafers Showing Strise.

Note vas made that in the heavily diffused members of the series,
N6108 BC and MS108 BH, the presence of intermediste phsses were not
found. The implication is that conversios occurred all the wey to cho.
ceater of tho S-micron radius powder psrticles. This is in agresment
with microscopic evidenca of wafars diffused simulteneously vith the
powder specimens in vhich a lsyer of gellium phosphide 10 to 15 microns

thick wvas observed and photographed.



Pigure ) illustretes vefer specimen 6108 BH, ia cross-sectiom view

after etching heavily to define the gellium phosphide leyer.

Pigure 3. Cross Section View of M6108 BH Wefer Showing
10-Micron Gellium Phosphide Layer. (500x).

Some effort was made to define the diffusion-conversion rate.

Teble II indicates measurements made of varieble gap structures of

different diffusion schedules.
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Measured Depths of Gallium Phosphide Layers

Identity  Phosphorus  Diffusion Time ~ Depth mm&.cm
esp, °C,  Pressure-its,  (Hcurs) = _(ticroes) By X-Rav.

m6108 38  800°C 15 Atmos. 2 s, ccecee?  50.8%
M6108 AA 800°C 15 " 7 1/2 Hes,  About 2 3.0
M5108 BF  800°C 15 20 Hre. 2 8.4
M5108 BC °  800°C 15 " SO#rs, 203 85.0
MG108 BH  900°C 20 S0 Hrs. 10 88.0

M6111 BE 950°C 20 170 Rrs, % > 90.0
M6ll11 BF  950°C 20 " 340 Mrs. 50 2 90.0

The data in this teble must be interpreted in the light of the follow-
ing factors:

1, The concentrstion of gallius phosphide appesrs to sffect the etch
resistance of s layer; M6108 BE corresponds to x-ray date indicating
SO percent concentration; it appesrs to be attecked by the etchant.
Etching did not clesrly define e lsyer, slthough other evidence
strongly indicated such was present.

2. The figuree listed for MG6111 BE snd M6111 BF are for the msximum
depth. Each vafer had ¢ highly polished face, and an unpolished
face. The polished face indiceted 20 und 40 wicrons, respectively,
in depth, The unpolished face indicated rather large crystalline
protuberences grown out of the face, apparently the result of nuclea-
‘ted epitaxisl growth, This side had the deeper layer, It is mot
known vhich (srsenide or gallium) lattice face this might represent.

3. The number of specimens involved is not statistically largs,

4. The conversion process is known to be both pressure and temper-
sture sensitive,

The data does cﬁpporc tlic following tentative conclusions:

1. The initial rste of diffusion-conversion st pressures of the order
of 15 atmospheres, is very rapid, exceeding the diffusion rate of
phosphorus at stmospheric pressures, or less, by several orders of
magnitude.
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2. The initial vepid vate decays more repidly them the usval error
fumction associeted vith diffusion processes.

3. The everall mmmumwxm-anumm:o
the Boltamen model,

It is imteresting to mote that gallium phosphide crystals were forme
ed at one end of the ampoules during the longer time runs. The smpoules
are prepsred with phosphorus at one end, specimens in the center, other
end sesled under vacuum, Cooling is done slowly, wvith the sesled end
numdmm.mldmtomtbphuphmndw
deposits of elemental phosphorus on the vefers. At the opposite end of
the ampoulea, pure gallium phosphide crystals were observed, largsr in
sise in the longer time ampoule, This may offer s different technique
of growving gallium phosphide crystals from the vapor phase, if the amp-
oule contained elemental gsllium instead of gallium srsenide wafers.

Wicth the objective of prepsring shallow layers of very high gallium
phosphide concentrstion, two tentetive experiments were made of phos-
phozus diffusion at slightly more then 30 stmospheres pressure, 800°C
for two hours. Powder specimens were included, X-ray patterns were
poorly defined and judged mot usable for cslculation, Cells were ob-
served to have a gless-like film coeting., Zinc diffusion resulted in
a very thin (estimsted of the order of .2 micron) photogenereting suc-
fece. In the second experiment the same film was noted and removed prior
to zinc diffusion with concentuced'llr acid, Cells febricated thus were

poor, and lacked the usual varieble gep characteristics. It is possible



that this order of pressure excesds the disassocistion pressure of
gallium ersenide and ishibits the conversioa process, Aa slternstive
explanstion contempletes the repid formetion of e no, fils to pro-
duce the seme vesult, In the interest of expediency, it was decided
to limit, st presest, the fabrication to 20 stmospheres pressure.

The meny possible depths of gallium phosphide layers, further com-
plexed by concentration varisbles, required limitetion if the fuavest-
tuuoi wes to adjere to it's main objectives. Therefore, it was dece
1ded to use two “apecies” of varisble gap structures, 1.6., ons vith
shellow, sinimsl gallium phosphide layer depth as produced by phosphorus
diffusion schedules of 800°C - 15 atmospheres, 2 to 10 hours, snd the
other of fairly deep gellium phosphide structure, &8 produced by sched-
ules of the order of 900°C = 20 stmospheres, 2 to 50 hours. These two
speciea sre considered to bracket the desired atructure for the varisble

gep cell,
inc Diffuaion.

2inc diffusion ss previously uportcd(s)hu been done in tube furnaces,
in ambient hydrogen atmosphere. The specimen and dopsnt are placed in

s clean quarts bost, vwhich ia reteined in the tube external to the fur-
pace during outgsasing and heet up. Temperature ia mssasured by & quarts
enclosed thermocouple inserted in the tube to the center of the hot sone.
When the dasired atabilized temperature has been attained, the boat e
moved to the center of the hot zone for the deaired length of time.
Quick cooling ia obtained by removing, the entire tube from the furnace,



bost moved back to it's former position and the entire tube cooled by
eveporstion. The hydrogen stmosphers is msinteined until cooled to room
temperature. Argon gas is used for purging.

Toitisl fabrication end testing of single gep celle indiceted dif-
fusion schedules of sbout 600°C for S to 6 minutes produced satisfectory
junctions about l-micron desp. Spectral response curves corroborated this
order of depth, indiceting fairly broad response in the blue region,
peaking in the .8-micron vavelength region. Junction depth msasurements
on cella with fairly deep gellium phosphide layera (10-Microns) vepeat-
edly indicsted the junction to be at the bottom of such layers. The in-
dication of ¢ more rapid diffusion rete of sinc in gallium phosphide sup-
ports the aveilsble informstion in the litersture(4),

Teble IIT indicatea typical &-probe meassuremsnts of both single gop
and verisble gap cells st appropriste pointa of fabrication. All celle
had aimilsr polished surfaces, and similar diffuaion techniques.

~TABLE 111
Typical 4-Probe Date of Single Gap and Varisble
Gap Cells.
Initial Surface 4-Probe Zinc
Type Nuaber 4-Probe  4-Probe ohms/sq. olms-aq. Diffuaion
Cell of Cella o‘-l.q. After Phoa. Dito Zinc D’-f. Scb&ll‘
Variable Gap, & 1000 - 1700 6000 5. 650°C-10 Min,
Single Gap, 3 900 - 1200 ecee 35 " %
Varisble Gap, 8 900 - 1000 7200 7.5 600°C- 5 Min,
Single Gap, 4 700 - 900 - 7.5 " w oo

The table indicates typical increased surface resiatance after

phosphorus diffusion and approximately equsal resistivitiea, and

- ls -



therefore equal surfece carvier comceatrstions, of both type cells after
sisc diffusion.

The indicstion of s more repid diffusion rate of sinc ia gallium
phosphide layers suggested am experimentsl comparison. Two wafers of
siniler materisl, one having @ gellium phosphide layer 10 to 12 microns
thick, were diffused olml:qumly vith sinc at 8350°C for 10 minutes,
As expected, this produced ¢ p-an junction 10-microns desp in the plain
vafer, ¢s determined by direct microscopic msasurement and by stcheweight
loss methods, An electro-etch stain technique, to be described later,
produced clesr definition of the junction, Similar msssurement of the
varisble gap cell by both croas-section and angle lepped methods 1is
i1lustrated in Pigure &, end clesrly indicsted the junction to be about
20-microns deep. Positive identity of the junction was proved by micro-
ssnipulator proding club:g the surfacea under 100x megnification, uaing
the vertical microscopic illuminstor for excitation. The zinc penetra-
tion thus was 10-microns in the plein wafer, and in the varieble gap
structure vas 10 to 12 sicrons of gsllium phoaphide plus about 8-microns
of gsllium arsenide, The indicstion thus is that szinc penetrsted the
10 to 12 micron gallium phosphide lsyer ss easily as 0 to 2-microna of

galliua arssnide.
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Figuze 4. Cross Section View of P-N Junction in Veriasdle
Cav Cell, (500x).

The indicetion, therefore, is st least en order of magnitude
faster sinc diffusion in the gallium phosphide leyer than in gsllium
srsenide, perheps two or three orders. This prompted an effort to
geduce the diffusion schedules to produce the juncticn within the
gellium phosphide leyers. It ves considered edvisedble to hold the
time of diffusion to no less than 10 minutes inicislly. A series of
diffusions were cerried out with temperetures decreasing from 600°C
in 25°C steps. Rech group consisted of one 1ightly phosphorus dif-
fused wefer, one heavily diffused vefer, end one or more plein gellium
ersenids vefers. Unfortunetely, ¢ matsriels verisble wes in:roduced,
ss the vefers were from different starting materiels. The results of
this ssries are, es yet incomplete. The single gep cells indicste o

progressively shallowver junction, with !ﬂmp good at 550 to 500°C.

- 17 =



The phosphorus diffused cells indicate improving m. &t 323°C.
Prther discussion of this study is meds wader “Bvaluation™.

mmnmoummummu.maumuu
'hmw(”. Rssentislly the same teclmiques are currently
in use, vwith somsvhat move attestion peid to clesn surfaces sad olmicity.

P. Coptecting,

Blectrically platad nickel contects are used to contect the a-type bulk

meterisl end sputtered pletinum comtacts to the p-type surface. As re-

ported previously(®) some nou-ohmicity wes experienced with high vesist-
ivity meterisl, ss well as non-uniform plating. The non-uaifora pleting
wes found to be a msterisl characteristic, snd the poor ohmicity traced

to the nickel contect. Heat tresting of both contacts, inherent in the

solder-coating step, produced good ohmic contacts. Hence, solder cost-

ing is now routine.

G. Evalusticn.

1. Genexel,
The evaluation of solar cells includes routinely the following

procedure:

Photo-paremsters, Voc, lgc, Ef are measured under 100-milliwvatts
of 1ight from e Type RFL-2 bulb. Incident light is filtared through
1-inch laysr of water in a suitable pyrex conteiner and measured with
an Eppley pyroheliometer. Short circuit current is msasured as &
voltege drop across a l-olm load resistor.



Diode characteristics are woasured, using a Techtronix Oscilloscope
and curve tracer adapter. ‘hen desirved, divect current plots are

aade.

Spectral response data are obtained using a Bausch & Lomb Spectro-
Photometer of the grating type.

2, Junction Depth and Carrier Concentration.

Junction depth measurements have been greatly facilitated by a
technique developed early in this vork period. The technique
allows non-destructive determination of p-n junction and delin-
catcs Lhe gellium phosphide layer simultaneously, using the fin-
ished cell. The cell is wmounted cdpe-wise in the proove, saved in
a porcelain block, with onc edge protruding slightly, Wire elec-
trodes are brought out the ends of tne proove. The protruding edge
is lapped and polished. Figure 5 i)lustrates the mounted, polished
cell. A potential is applicd across the cell, positive to "p" side,
negative to "n” side, sufficient to produce about 5 to 10 eilli-

smperes forward current.

Figure 5. Edge-Mounted Polished Cell pPrepared
for Electro-Etch-Staining.



A few drops of NH,Cl of about 4-mwlar concentration are placed on
the cxposed edge of the cell for 15 to 30 minutes. The cell 1is
then rinsed carefully and blotted dry. Under magnificstion, "t
areas arc observed stained, ng" arcas unstsined, with the junction
sharply defined by a dark line. Variable gap cells also sre found
to have the gallium phosphide layers well defined. The same tech-
niquc is applicable to angle lapped cells. Figure 6 fllustrates
the junction in a single gap cell, angle lapped, under S00x magni-
fication. .

Figure 6. P-N Junction in Angle Lapped Single Gap Cell
After Electro-Etch-Stain. (500x) .

Where no junction is present, the gallium phosphide is also easily
and well defined by etching in a solution of 1-KOH(gn) 2-Hp0, (302)
5-H20 for 15 to 30 seconds. Using either method, sgrect microscopic
measurement to about 1-micron may be made at 500x. Shallower depths
will require higher magnification and resolution.

Fairly good correlation has been observed between diffusion sched-
ules and the time required to etch single gap cells to zero short
circuit current. The solution uscd is 1-2-5 KOH(6 normal) Hp0, (30%)
Hy0, at room temperature. The general pattern is described in detail
in a previous report(5). Briefly, the Isc shows a rapid increase as
the junction is approached, decays quickly to zero as it is dissolved.
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gtoh Tims to Zero 1 o8 ¢ Pumction of low Tempez-
sture 2inc Diffesion for Single Gep Cells.

Approx, Btch Time Bet.unction

Riffusics Schedyle toJero lao . Degth __ __Reeshd
600°C-10 Misutes, 13 Seconds,  1.0-1.5 Microus, n:u:..uus

$73°C-10 Minutas, 12 Seconds, B-12 " Rise to pesk 1, ot

& seconds.

350°C-10 Minutss, 8 Seconds, 6-10 " :luh riee, drop &t

$25°C-10 Minutes, 6 Seconds, S 48 " No rise, drop &t

$00°C-10 Minutas, & Seconds, lass than 5 “

475°C-10 Minutes, 2 Seconds, About .1 "

3.

Carrier concentrations have been dateranined by 4-probe msasuremsate,
A dissdventags has been observed in cells vith shallow junctions in
that mechanicsl puncturing of the lasyers occute frequently, ruining
the cell. Consequently, carrier concentration dets on the most re-
cent low tempersture sinc diffusion work is not complste, Tentative
date indicate that cerrisr concentrstion drops rapidly below 330°C
diffusion temperaturas. Approximately 1019 cerriers/cad are obtain-
ed in either type cell sbova this tempereture.

Rfficiencies,

Typicel photo parametere of single gap, shallow gallium phosphide and
deep gellium phosphide variable gap cells sre given in Teble V. Date
were obteined under 100 milliwatt 1ight input through e l-inch 8,0
filter.
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Typical Photo Paramsters of Single Gep, Shallow Galliwm
Phosphide and Desp cdc:ltz Phosphide Variable Gap

& Mo, Phosphorus 2ine
’”o: Call Retory Ristory Yoc Toclea? By, Yy

300 8.6, ceccoweeceec 600°-5 MNa, 74 14,m8 6.0 60w

2B G ccccecaco 600%hMA, J2 17.%  2ST S
4098.6, -cccoceceo- S5A0C-20Mn, .70 14."  6.15% .SOv
304 V. G, 800°C-15 Atm-3 Mrs, 600°C-4 Min. 65 19, " °  S.5% Alv
39 V. G,  800°C-15 Atm-2 Wes. S550°C-10 Mim. .72 16.5" 630 A%V
405 V. G.  800°C-15 Atm-2 Mrs. 525°%C-10 Min. .68 17.4 6,11 4dv
401 V. G.  900°C-20 Atm-30 Hrs. 550°C-10 Min, .42 33" 1.0 ,35v
402 V. G.  900°C-20 Atm-50 Rrs, S50°C-10 Min, .65 2.5" 1,08 .ébv

It 1s significant to state that two (#384 and #396) of the varisble
gep cells were largs arcs cells, enhancing accuracy of ssassurements,
end vere of the sams order of efficiency as the single gap cells, It
is considered useless to speculste upon the low efficiencies of the
deep geollium phosphide cells (#401 and #402) since so few of this
type have been fabricated thus fer. Soms significent date has been
obtained on this type, however, and is discussed subsequently,

The 1-V characteristic can be informstive in the resls of conversion

efficiencies. Typicel I-V plots for single gsp and varisble gep
cells are given in Figure 7, Current is plotted per unit areas,
sllowing vslid comparison,
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The single gap cell charsctecistics require little commest. The plat
1s vectenguler, snd indicetes little resistive effects. The pleot of
the varishble gep coll does indicate soms eeriss resistemce fa the
slope of the high ourrest regiom. This is comeidered to be & composite
effect of shest resistence, and bulk resistence in the gallive phos-
phide layer, produced by the preseacs of istervstitial o A
contributing factor may well be the high resistivity (.03 ohm-cn)
sterting meterial. The fairly good efficiency (6 percent) of this

cell sppears emcoutraging to further improvement.

Tesperpture Chrecteriscics.

The technique for msasuring Vog, 6tc., VErsus temperature ves re-
ported end illustrated in deteil in the previous report(3), The
zesults of several euch tests upon typical cells agres closely with
tentative date given in that report, end ere summarised ss followa:

The drop ia Vo vith increasing tempersture give ¢ streight line
slope of . 32 + volte/°C for both our owa single gep cells end
cells febriceted alsewhesre,

The drop in Voo with incressing temperaturs of varisble gop cells
of the lightly diffused species is rvegulerly less, .00210 v/°C
average. Pigure 8 s & typical plot of this factor., The Igc vereus
tempersture curves for verisble gep cells usually shov ¢ more in-
clined rise than for single gap cells. It is considered this mey
be related to residusl, interstitisl, elemental phosphorus in the
lsttice, which is anneeled out during the hesting process in test-
ing, Tentetive hest trestment of cells in e hydrogen atsosphere
sppesrs to incresse slightly initisl Igc and flstten the rise of
Igce Further evalustion of this point is expected soon.

The drop in Effp, versus tempereture of the lightly diffused species
of varieble gsp cells is meesursbly less, but only by & small factor.
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Rioda Chaxecteristics.

Dark éfods data is wesful in assessing jumctioa quality amd vesistive
effecte. Commonly, both varisbla gep end aingls gep celle exhibit
good stesp forwerd currest slopes, indicatisg ia excess of 60 silli-
amperes forwerd current st ome volt, Soms verisbls gap celle, slthough
of good afficiency, reflect resistive affects ia the forwerd currest
slops. Cell #396, verisbla gap, Bffgg = 6 percent, is such s cell,
Figure 9 illustrates it's diode characteristics. Aleo shown is Cell
#3954 (verishble gep) having low forwerd resistance, and Cell #3939
(eingla gep) for comperiscn, Thsse three are typical of all eells.

Spectral Response.

Spectral response is regularly monitored in cslls. The response of
8 series of singla gep cells vith junctions decressing in depth show
the expected incresse in short wavelength vesponse. Cood correlatioa
1s noted between this blue response and diffusion schedules and jumce
tion depthe, Pigure 10 illustrates the progressive increass of res-
ponse in the 400 to 600 millimicrom region of e ssries of eingle gep
cells.

It 1s of interest to note that the single gep cells, although having
borad response, retain the high response into the 800 to 830 milli-
aicron region. A characteristic of the shallow gallium phosphide
varisbla gep cell 1s noted in the peak response occurring at sbout

700 millimicrons, dropping significantly in the 8350 millimicron region.
A dramstic difference is noted in deep gallium phosphide varisble gep
cells, with e pronounced peak, or peaks, occurring in the 400 to 600
aillimicron region, end a sharply defined peak st 830 millimicrous,

Figure 11 illustrates typical response curves of the two types.

The peek observed in the short wavelength region is closely rslated
to the bend edge of gallium phosphide; that at 850 millimicrons to
the band edge of gellium arsenide. This responsc is easily repro-
ducible in the deep gellium phosphide cells, verying somsvhat in
amplitude., It is considered significant as a method of monitoring
the contribution of current from the higher bend gap material,

It 4is important to note that the response at 850 millimicrons supports
strongly the theory of the high band gep "window" principle. This
seems reasonsble since the gallium phosphide layer is knowm to be in
excess of 10 microns thick, the surface concentretion is known to be
predominantly gallium phosphide, and the junction is known to be at
the bottom of the gsllium phosphide laysr. The markedly sharp pesk et
850 millimicrons supports the conclusion that the "window" transaitted
this order of wavelength without grest sttenuation or absorption,

L) 26 L)
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Pigure 10, $pectrel Response Comperad to Za Diffusion of Stagle Gep Celle

._l--- -

]H 575°C - 10 min,
=== 3529°C - 10 min
o—e &759°C - 10 min,
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k!}_;\on 11. Typical Spectral Responss of Two Species of ¥ Verisbla Gep Celle
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S CONCUBION .

!tmooﬂyht“ehtthennlmmlh
phosphide-galiiva ersenide vith isterwediate thin incremeatsl treme-
um«mumumuummmmumam
mlmmum.nmhmotlm.

The diffusion-conversion rate of gallium phosphide forustion 1o
pressure snd tempersture sessitive, 1o inicislly more zapid by orders
of magnitude than clsseic phosphorus diffusion, end is extremely moa-
linesr. Significemt depth differences between the polished snd un-
polished side of the same wafer have been cbeerved,

The diffusion rete of sinc into gellium phosphide-galliva sreen-
1ds slloys of high gsllium phosphide content is significantly fester
then in gallium sreenide, and 18 estimsted es greater by oms or two
orders of megnitude. The "window" effect of the higher band gep layer
is valid, snd demonstratad by spectral response date included 4in this
report.

Varisble gsp cells of one specis can be of at least equal efffic-
fency as the conventionsl single gep cell, nd it sppesrs feasible
to produce good o!ucuncygin dssper gellium phosphide layers.

The technique of electro-stch-steining of varisble gep or singla
gep cells provides a very good, pon-destructive definition of the
junction and gellium phosphide layers.

Varisble gsp cells of one specie exhibits o measurable, elthough
small, edvantage in high temperature performance, Further sdvantage
eppesrs likely with improved techniquas, matarisls, snd control.

[ ] 30 [ ]



Adled

mmo!.ﬂmrmmm.thmmmm-
mumvcuun.auumu-mm responss date.

The costectisg of gallimm phosphide surfsces for low comtact re-
sistance, chmicity, etc., is possidle, although the preseat system
of contacts mey be improved, and will be in the normsl course of the

mtm‘“o
Mo well defised relation hss besn observed between crystsl

orieataetion end efficiency ss yet. This factor may be obscured by

other varisbles.
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Vi, FUTSE STIDLES

It is comeidered that future studies should iscluds the followiag:

(a). Pursuit of the desper gellivm phosphide species of cell, vith
the object of produciag a cell cosbining good efficiency, im-
proved high tempezsture performance snd demonstrative shotrt
wavelength response in the 400 to 600 aillinicron region re-
lated to the band edge of gallium phoaphide, It is considered
gellium phosphide depth of such a cell aight be 2 to 3 microms.

(b). Studies of controls and technique of dopant diffusion aimed st
producing the junction in the geliium phosphide layer or below
it, rether than the latter only. This msy prove especislly im-
portent in the shallow gelliue phosphide type of cell,

(c). The shallow species of cell should be tested, with less emphesis
perhaps, pending better control of junction depth.

(d). Investigstion, by supplying sppropriste specimen cells to Signal
Corps Personnel, of redistion resistance and similer charecter-
istics, Tentstive discussion and delivery of a specimen cell
waa made towerd this end at a conference in December, 1961,

(¢). Studiss intended to eveluste the effect of snnssling, under
hydrogen, verisble gep structures to aliminste any interstitial
alemental phosphorus.

(£). Evalustion of the rets of increase of efficiency with incressed
1ight intensity. Some evidence has {ndicsted an advantags of the
varisble gep cells in this report, which would be of importance
in solsr concentretor spplications. g

(s). Study snd comparison of epitaxially growmn gelliue phosphide layers,
in vhich no diffusion occurs, and the current solid state diffusion
type of varisble gap call,

(h), Studies of a concurrent, cumulstiva nsture which would provide
dats on -

Materials parsmsters relstiva to efficiency.
Crystal orientation with regard to galliva phos-
phide conversion rates end/or diffusion rstes of
gine.

Optimum gellium phosphide concentrstion and depth
for varisble gsp cells as relsted to efficiency.

Optimum position of p-n junction relative to efficiency.
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Final Technical Susmery Report, Contract DA=36-039-5C-85246,
The Bagle-Picher Company.

Finsl Progress ilpott. Novesber 21, 1960,
Contract DA=36-039-8C-78164.

Contract Nr. DA-36-039-5C-87408

Gershenson, Frosch, Mikulysk - "Precipitetion in
Callivm Phosphide™. Abs. of Blectrochemicsl Socisty,
May, 1961,

Second Technical Summary Report, July 10, 1960,
W'“t M-35°039'30-”m.
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~YikL. PERRCENSL.

Engineering Tims Expended from July 10, 1961 to Jesusry 10,1962,

Homs
Ho B Modealf, ¢ ¢ ¢ 00 0 o o 200
Joseph E, Powderly,c ¢ ¢ o o o 197
Louis K, StODB,e o ¢ o ¢ o o o 968
Ceorge N, Webbye ¢ ¢ ¢ 0 0 o 922
2,287 Hours.
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